Background/Aims: This study investigated the role of the microRNA miR-298 and its target Act1 in ischemic stroke. Methods: Cell viability was assessed with the 3-(4,5-dimethythiazol-2-yl)-2,5-diphenyl tetrazolium bromide assay. Apoptotic cells were detected by flow cytometry, and mRNA and protein expression were assessed by quantitative real-time PCR and western blotting, respectively. The regulatory relationship between miR-298 and Act1 was evaluated with the luciferase assay. To clarify the role of Act1 following ischemic stroke, the transcript was knocked down by short interfering RNA. The in vitro findings were validated in a mouse model of middle cerebral artery occlusion by administration of miR-298 mimic. Results: Act1 was upregulated whereas miR-298 was downregulated in ischemic stroke. miR-298 overexpression by transfection of a mimic suppressed Act1 protein levels in vitro and in vivo, and the luciferase assay showed that miR-298 directly binds to the 3' untranslated region of the Act1 transcript. miR-298 overexpression enhanced cell apoptosis and autophagy and exacerbated ischemic infarction and neurological deficits, effects that were exerted via negative regulation of Act1/ c-Jun N-terminal kinase (JNK)/nuclear factor (NF)-κB signaling and downstream autophagy pathways. Conclusions: Upregulation of miR-298 following ischemic stroke promotes brain injury in vitro and vivo by inhibiting the Act1/JNK/NF-κB signaling cascade and the downstream autophagy pathway. Therapeutic strategies that target miR-298 could be beneficial for the treatment of ischemic stroke.
MiR-298 Exacerbates Ischemia/Reperfusion Injury Following Ischemic Stroke by Targeting Act1
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Introduction
Stroke is a primary cause of disability and mortality worldwide [1] , and is often treated by intravenous or intra-arterial thrombolysis [2] . Temporary cessation of blood flow to the OGD/R model N2a cells were incubated in glucose-free DMEM and immediately transferred to a humidified atmosphere of 1% O 2 , 94% N 2 , and 5% CO 2 at 37°C for 1 h. Reoxygenation for 12, 24, 48, 72, or 96 h was initiated by rapidly replacing the glucosefree DMEM with normal medium and culturing the cells under normal conditions. Control cell cultures were not deprived of oxygen and glucose and were cultured under normoxic conditions. For overexpression experiments, N2a cells were transfected with miR-298 mimic for 24 h.
Animals and surgery
The study protocol was approved by the Institutional Animal Care and Use Committee of the First Affiliated Hospital of Harbin Medical University and was carried out in accordance with the Guide for the Care and Use of Laboratory Animals (National Research Council, 1996, USA). Male C57BL/6 mice, 6-8 weeks old and weighing 20-25 g, (Beijing Vital River Laboratory Animal Technology Co., Beijing, China) were housed in individual cages on a 12:12-h light/dark cycle at 22°C ± 2°C with free access to food and water. The middle cerebral artery occlusion (MCAO) model of ischemic stroke was established as previously described [13, 14] . Mice were deeply anesthetized by intraperitoneal injection of sodium pentobarbital (40 mg/kg). Blunt dissection was performed under a stereomicroscope (Stemi 2000; Carl Zeiss, Dresden, Germany) to expose the right common carotid artery (CCA), external carotid artery (ECA), and internal carotid artery (ICA). The proximal end of the ipsilateral CCA was ligated, and an arterial clamp was applied to the CCA. This was followed by a small incision to the ECA artery between the permanent and temporary sutures and insertion of a Doccol suture (0.21 mm in diameter) into the ICA about 10 mm beyond the carotid bifurcation, which occluded the origin of the MCA. After 1 h, the suture was removed and mice were allowed to recover for 12 h, 24 h, 48 h, 3 days, and 5 days. Sham animals underwent the same procedure except for insertion of an intraluminal filament. The surgeries were carried out by the same technician. Rectal temperature was monitored during surgery and body temperature was maintained at 36°C (± 1°C) using a warming lamp.
miRNA treatment for MCAO model Animals were anesthetized with 10% chloral hydrate and placed in a stereotaxic apparatus (#68001; RWD Life Science Co., Shenzen, China); a 3-μl volume of 100 μM miR-298 mimic (Genechem, Shanghai, China) was injected into the right cerebral ventricle over a 20-min period. The stereotactic coordinates were as follows: anteroposterior, 0.3 mm; mediolateral, 1.0 mm; depth, 2.5 mm. The injection of miR-298 or negative control mimic was considered successful if cerebral blood flow dropped to below baseline during injection. This blood flow rate was maintained for at least 20 min. Mice were evaluated for neurologic deficits 24 h after reperfusion, and the brains were removed for analysis.
Small interfering (si)RNA duplexes and Act1 knockdown
SiRNA against Act1 were designed according to the Act1 gene sequence (GenBank Accession Number. NM_134000.3) ( Table 1) . siRNA against Act1 or control scrambled siRNA (Sigma-Aldrich) was transfected into N2a cells at a final concentration of 25 pmol using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions.
Cell transfection
Act1 cDNA lacking the 3' untranslated region (UTR) was inserted into the pcDNA3.1(+) vector (Invitrogen) to generate pcDNA3.1(+)-Act1. N2a cells were seeded in 96-or 6-well plates; when the cells reached 70% confluence, they were transfected with miR-298 mimic (100 nM) or pcDNA3.1(+)-Act1 using Lipofectamine 2000.
Luciferase reporter assay
The 3' UTR of the Act1 gene including miR-298-binding sites (wild type, Act1-3'UTR), as well as a mutant version (Act1-3'mUTR) were amplified by PCR and cloned into the pmirGLO vector (Promega, Madison, WI, USA) ( Table 2) . Correct insertion was confirmed by sequencing. For the luciferase reporter assay, HEK293T cells were seeded in a 24-well plate at 2 × 10 4 /well. When cells were 70% confluent, they were co-transfected with 100 ng Act1-3'UTR or Act1-3'mUTR luciferase vector and 50 nM miR-298 or negative control mimic. After 48 h, cells were harvested and luciferase activity was evaluated with the Dual-Luciferase Reporter Assay System (Promega) according to the manufacturer's protocol. The assay was performed in triplicate. Each experiment was independently repeated at least three times.
Determination of inhibition ratio
The inhibition ratio for cell viability was determined with the 3-(4, 5-dimethythiazol-2-yl)-2, 5-diphenyl tetrazolium bromide (MTT) assay. N2a cells were pretreated with miR-298 mimic or siAct1 or left untreated, and then subjected to OGD/R injury, which involved 1 h of OGD followed by 12, 24, 48, 72, or /ml in complete DMEM. After OGD/R, 20 μl MTT were added to each well followed by incubation for 4 h. The medium was removed and 150 μl dimethyl sulfoxide was added to each well to dissolve the formazan crystals. Absorbance values were read on a spectrophotometer at a wavelength of 490 nm. The number of cells was counted using a hemocytometer. The inhibition ratio of cell viability was calculated with the formula: Inhibition of cell viability = (1 − average absorbance value of the experimental group/average absorbance value of the control group) × 100%. Results are presented as the average of a minimum of six wells.
Detection of apoptotic cells by flow cytometry
N2a cells were pretreated with miR-298 mimic or siAct1 or left untreated and then subjected to OGD/R (OGD for 1 h and reoxygenation for 12, 24, 48, 72, or 96 h). After two washes with icecold phosphate-buffered saline, 100 μl of the cell suspension were stained with 5 μl annexin V-fluorescein isothiocyanate and 10 μl propidium iodide (Sigma-Aldrich) followed by incubation for 15 min at room temperature in the dark. A 400-μl volume of binding buffer was added to each sample followed by filtration through a 300-mesh nylon net and flow cytometry analysis on an EPICS XL instrument (Beckman Coulter, Brea, CA, USA). Data were analyzed with EXPO32 ADC software (Beckman Coulter).
Quantitative real-time (qRT-)PCR
Total RNA was extracted from N2a cells and reverse transcribed to cDNA using the Revert Aid First Strand cDNA Synthesis kit (Thermo Fisher Scientific, Beijing, China) according to the manufacturer's instructions on a CFX96 detection system (Bio-Rad, Hercules, CA, USA). qRT-PCR was carried out on a Plexor One-Step qRT-PCR system (Promega) using the primers listed in Table 3 .
Western blot analysis
Total protein was extracted from mouse brain or from N2a cells and separated on a 10% polyacrylamide gel by sodium dodecyl sulfate polyacrylamide gel electrophoresis. The proteins were transferred to a polyvinylidene difluoride membrane (GE Healthcare, Little Chalfont, UK) that was blocked with 10% skimmed milk in Tween-20/Tris-buffered salt solution for 1 h at room temperature and then incubated overnight at 4°C with antibodies against the following proteins: Act1 (1:1000) and phosphorylated B cell lymphoma (pBcl)-2 (1:1000) (both from Santa Cruz Biotechnology, Santa Cruz, CA, USA); phosphorylated (p)JNK (1:2000), phosphorylated (p)NF-κB (1:500), and Caspase-3 (1:1000) (all from Cell Signaling Technologies, Danvers, MA, USA); and phosphorylated mammalian target of rapamycin (pmTOR) (1:1000) and Beclin1 (1:1000) (both from Chemicon International, Temecula, CA, USA). After incubating with horseradish peroxidase-conjugated goat anti-rabbit secondary antibody (Stressgen Biotechnologies, Victoria, BC, Canada), protein bands were visualized by chemiluminescence (GE Healthcare) and were quantitatively analyzed using the GelDoc-2000 imaging system (Bio-Rad). Glyceraldehyde 3-phosphate dehydrogenase was used as a loading control to normalize protein levels.
Immunohistochemistry
Paraffin-embedded tissues were deparaffinized, followed by rehydration and incubation with 10% hydrogen peroxide for 15 min. Next, antigen retrieval was performed by heating the sections in citric acid Table 2 . Primers used to amplify wild-type (WT) and mutant (MUT) Act1 3' UTR constructs for the luciferase assay solution in a microwave for 1.5 min. Sections were blocked using 5% goat serum for 30 min and incubated with antibodies against Beclin1, pBcl-2, pmTOR, pNF-κB, pJNK, and Caspase-3 at 4°C overnight, followed by incubation with the appropriate secondary antibodies at 37°C for 30 min. Finally, the sections were developed with diaminobenzidine and observed under a microscope.
Measurement of infarct area and neurological deficits
Brains removed from mice were frozen at −20°C for 30 min. Coronal brain sections were cut and stained with 2% 2, 3,5-triphenyltetrazolium chloride (TTC) solution (Sigma-Aldrich) at 37°C for 20 min followed by fixation in 4% formaldehyde for 1 day. Stained sections were imaged with a digital camera. To assess brain infarction 3 days after ischemia-reperfusion, mice were sacrificed by administering a lethal dose of sodium pentobarbital and were transcardially perfused. The brain was removed and coronal sections (2 mm in thickness) were obtained using a mouse brain matrix and stained with TTC (Sigma-Aldrich). After the TTC staining, the software of ImageJ was used to calculate the infarct volume. Since each brain was sliced into six coronal sections (2 mm in thickness), the ImageJ was used to determine the infarct size of each section and then added up them together. After that, the total infarct size multiplied by the 2mm thick to get the infarct volume of brain. Neurological impairment was scored as previously described [15, 16] at different time points on a blinded five-point Longa scale as follows: 0, no neurological deficit; 1, failure to fully extend left forepaw (mild focal neurological deficit); 2, circling to the left (moderate focal neurological deficit); 3, falling to the left (severe focal deficit); and 4, exhibiting a depressed level of consciousness and unable to walk spontaneously.
Statistical analysis
Data were analyzed using SPSS v.13.01S software (Beijing Stats Data Mining Co., Beijing, China) and are presented as mean ± standard deviation. Differences between means were evaluated with Student's t test or by one-way analysis of variance (ANOVA) (i.e., analysis of neurological deficits), and a two-way repeatedmeasures ANOVA was used for continuous variables (i.e., viability and apoptosis of N2a cells). P values are two-tailed and P < 0.05 was considered statistically significant.
Results

Act1 and miR-298 expression is altered by OGD/R and MCAO
miR-298 expression was downregulated in N2a cells relative to the control group and decreased gradually over 12, 24, 48, 72 , and 96 h after 1 h of OGD ( Fig. 2A) . Similarly, in MCAO mice, miR-298 level in the brain was decreased at 12 h, 24 h, 48 h, 3 days, and 5 days (Fig. 2B) . In contrast, high levels of Act1 mRNA (Fig. 2C, D) and protein ( Fig. 2E-H) were detected in both OGD/R N2a cells and MCAO model mice relative to the respective control groups, with the expression increasing in a time-dependent manner. Thus, there was a reverse trending between the changes of Act1 and miR-298 expression levels.
Act1 knockdown induces cell apoptosis and inhibits viability following OGD/R
To assess the role of Act1 in ischemic stroke, Act1 was silenced in OGD/R N2a cells by transfection of an siRNA against Act1 (Fig. 3A-C) and evaluating cell viability and apoptosis with the MTT assay and by flow cytometry, respectively (Fig. 3D) . Compared to the control group, Act1 knockdown increased the rate of apoptosis and decreased viability (Fig. 3E) . The protein level of Caspase-3 was also detected by western blotting and was found to be increased after Act1 silencing (Fig. 3F, G) . These data suggest that Act1 knockdown aggravates injury caused by OGD/R.
miR-298 overexpression induces apoptosis and inhibits viability following OGD/R
To assess the role of miR-298 in ischemic stroke, OGD/R N2a cells were transfected with miR-298 mimic. The decrease in viability and increase in apoptosis of N2a cells after 1 h of OGD and 12, 24, 48, 72, and 96 h of reoxygenation was aggravated by miR-298 overexpression relative to the control group (Fig. 3E) , and was accompanied by upregulation of Caspase-3 (Fig. 3F, G) , suggesting that miR-298 induces apoptosis following ischemic stroke.
Cellular
Physiology and Biochemistry Cellular Physiology and Biochemistry © 2018 The Author(s). Published by S. Karger AG, Basel www.karger.com/cpb Sun et al.: Role of MiR-298 in Ischemia/Reperfusion Injury
Act1 is a target gene of miR-298
A bioinformatics analysis identified Act1 is a potential target of miR-298 (Fig. 4A) . We constructed reporter vectors harboring a wild-type or mutant miR-298-binding sequence to further investigate whether Act1 is directly targeted by miR-298. The vectors were cotransfected into 293T cells along with negative control miRNA or miR-298 mimic. The results of the luciferase activity assay showed that miR-298 overexpression reduced luciferase activity in 293T cells co-transfected with the wild-type 3' UTR of Act1 (Fig. 4B) . As expected, miR-298 mimic had no significant effect on the mutated reporter vectors.
To determine whether miR-298 regulates Act1 protein, we evaluated Act1 mRNA and protein levels in N2a cells subjected to 1 h OGD/24 h reoxygenation 48 h after transfection with miR-298 mimic by qRT-PCR and western blotting, respectively. Act1 mRNA and protein levels were both reduced upon transfection with miR-298 mimic as compared to controltransfected cells, in agreement with the results of the luciferase reporter assay (Fig. 4C-E) . These results indicate that miR-298 negatively regulates Act1 by directly binding to the 3' UTR of the Act1 transcript. D, F, H) . U6 was used as an internal control for quantification of miR-298 by qRT-PCR and glyceraldehyde 3-phosphate was used as a loading control for western blotting. n = 10 in each group. Statistical method: one-way ANOVA; * P<0.05, ** P<0.01, *** P<0.001 vs. control group. 
miR-298 induces apoptosis and reduces viability in OGD/R by targeting Act1
The viability of N2a cells decreased after 1 h of OGD and 24 h of reoxygenation; the same effect was observed by transfection of miR-298 mimic and Act1 knockdown (Fig. 3D, E) . Furthermore, the rate of apoptosis and Caspase-3 protein level was increased in OGD/R N2a cells by miR-298 overexpression or Act1 knockdown (Fig. 3D-G) . In a rescue experiment, we confirmed that Act1 overexpression in cells transfected with miR-298 mimic restored miR-298-induced apoptosis and reduced cell viability (Fig. 5A-E) .
miR-298 modulates autophagy-related proteins via Act1/NF-κB signaling in OGD/R
Since Act1 is an activator of NF-κB [5] , we evaluated the contribution of miR-298 to the regulation of the Act1/NF-κB pathway in N2a cells after OGD/R. A western blot analysis showed that pNF-κB was upregulated in the OGD/R as compared to the normal group. Transfection of miR-298 mimic reduced the level of pNF-κB, which was restored by co-expression of miR-298 mimic and Act1. Additionally, transfection of miR-298 mimic decreased the level of the autophagy-related protein pmTOR, which was restored by cotransfecting Act1 (Fig. 6A) . Act1 knockdown also resulted in downregulation of pNF-κB (Fig.  6B, C) and downstream factors, as determined by qRT-PCR (Fig. 7A-F) .
miR-298 induces autophagy-related proteins via Act1/JNK signaling following OGD/R
We examined whether Act1/JNK signaling and downstream factors are regulated by miR-298 following OGD/R N2a by western blot analysis. We found that pJNK was upregulated in the OGD/R as compared to the control group. miR-298 mimic increased the level of pJNK, an effect that was reversed by simultaneously overexpressing Act1. Transfection of miR-298 mimic also increased the levels of the autophagy-related proteins pBcl-2 and Beclin1, which were restored by co-transfecting pcDNA3.1(+)-Act1 (Fig. 6A) . Act1 inhibition also resulted in upregulation of pJNK (Fig. 6B, C) and downstream factors, as determined by qRT-PCR (Fig.  8A-F) . 
Downregulation of miR-298 is associated with activation of Act1/JNK/NF-κB signaling in vivo
To investigate the role of Act1 and miR-298 in ischemic/reperfusion injury in vivo, we examined the expression of Act1 in a mouse model of MCAO by western blotting. The results showed a similar trend to that observed in OGD/R N2a cells (Fig. 2E-H) . The gradual decrease in miR-298 following MCAO (Fig. 2B) was associated with high levels of pJNK, pNF-κB, pmTOR, Beclin1, pBcl-2, and Caspase-3 in the brain, as determined by immunohistochemistry (Fig.  9) . 
miR-298 inhibits the Act1/JNK/NF-κB pathway in vivo
To confirm the role of miR-298 in cerebral ischemic injury, we injected miR-298 mimic into the right cerebral ventricle of mice, and miR-298 level in tissue samples collected from the cerebral hemisphere of the injured side after 1 h of MCAO and 12 h, 24 h, 48 h, 3 days, and 5 days after reperfusion was evaluated by qRT-PCR. miR-298 expression level was increased in MCAO samples (Fig. 10A) . The results of the immunohistochemical analysis revealed that miR-298 mimic decreased the protein levels of pNF-κB and pmTOR and increased those of pJNK, pBcl2, Beclin1, and Caspase-3 in MCAO mice, which is similar to the trend observed in OGD/R N2a cells (Fig. 9) . These results imply that miR-298 enhances autophagy.
miR-298 overexpression aggravates ischemic infarction and neurological deficits
An analysis of TTC staining revealed that ischemic injury was increased in the MCAO model as compared to sham mice (Fig. 10B, D) . Injection of miR-298 mimic increased infarct volume in the brain 3 days after transient MCAO (Fig. 10B, D) and aggravated neurological deficits relative to control MCAO mice (Fig. 10C) . The neurological score of each mouse in three groups was as follows: sham: 0, 0, 1, 0, 1, 0, 0, 1; I/R: 1, 2, 2, 2, 2, 3, 3, 2; miR-298: 4, 4, 4, 3, 3, 2, 4, 4. The observed downregulation of miR-298 in OGD/R cells and MCAO mice indicates that the change in miR-298 expression maybe attributed to ischemic injury.
Discussion
The finding of the study was that miR-298 directly regulates the Act1/JNK/NF-κB pathway and inhibits the expression of Act1 protein in OGD/R-treated N2a cells and a mouse MCAO model of ischemic stroke. Moreover, miR-298 overexpression exacerbated neurological deficits in MCAO mice. Thus, high levels of miR-298 following ischemia/reperfusion can aggravate brain injury by suppressing Act1 protein expression. Neuronal cell death is a critical aspect of stroke pathophysiology, and there is increasing evidence suggesting that miRNAs regulate this process, which includes apoptosis and autophagy [17] . For instance, brain-specific miR-124 suppresses the inhibitor of apoptosisstimulating protein of p53 levels and thereby enhances neuronal death [18] . Meanwhile, downregulation of miR-181b alleviated ischemia-induced neuronal death by blocking the translation of its target mRNA in vitro and in vivo [19] . In this study, we found that miR-298 overexpression increased both apoptosis and autophagy in vitro as well as ischemic infarct size in vivo, which can explain the observed impaired neurological function.
We previously showed that Act1 is a potential target of miR-298 based on the results of a bioinformatics analysis (RNAhybrid 2.2 database). In the present study, Act1 was upregulated in OGD/R N2a cells and MCAO mice. Given its ability to interact with interleukin-17 receptor and downstream components of the NF-κB signaling pathway, Act1 is thought to function as an adaptor molecule linking these two elements [20] . Other studies have reported that Act1 activates JNK, and most ligands inducing NF-κB activation also activate mitogen-activated protein kinases and JNK [21] [22] [23] [24] . The fact that Act1 activates both NF-κB and JNK indicates that it may act upstream of these factors. We observed increased levels of Act1 in OGD/R N2a cells and MCAO mice, and Act1 silencing decreased cell survival rate and increased apoptosis of OGD/R N2a cells. These data indicate that Act1 may play a protective role following ischemic stroke. Moreover, pJNK was upregulated and pNF-κB was downregulated by Act1 knockdown in OGD/R N2a cells. Together with our findings on cell survival and apoptosis, this suggests that Act1/JNK/NF-κB signaling is involved in brain injury following ischemic stroke.
miR-298 overexpression resulted in decreased Act1 mRNA and protein levels. MiRNAs bind to the 3' UTR of target transcripts to induce mRNA degradation or inhibit protein translation. We confirmed that Act1 is a direct target of miR-298 with the luciferase assay. Our data show that miR-298 negatively regulates Act1 expression in ischemic stroke.
Ischemia/reperfusion injury is associated with neuronal damage, while hypoxia is a known inducer of autophagy [25] . The relationship between apoptosis and autophagy has been investigated in many recent studies [26] . The upregulation of Beclin1 in the present study suggests that miR-298 overexpression enhances cell autophagy following ischemic stroke. We investigated the signaling pathways involved by examining the expression and phosphorylation of JNK and NF-κB pathway components. Activation of NF-κB may inhibit autophagy following cerebral ischemia through regulation of mTOR signaling; thus, blocking autophagy by increasing NF-κB levels is a potential strategy for the treatment of ischemic stroke [27] . Since Act1 is an activator of NF-κB [28] , its knockdown may lead to downregulation of NF-κB. In the present study, miR-298 overexpression decreased the protein levels of Act1, pNF-κB, and pmTOR, an effect that was reversed by overexpressing Act1. These data indicate that the miR-298/Act1/NF-κB cascade may regulate autophagy in ischemic stroke. Regulation of the JNK/Bcl-2/Beclin1 signaling may underlie OGD/R-induced autophagy in neurons and the consequent decrease in neuronal viability [29] . This is associated with JNK activation, Bcl-2 phosphorylation and inactivation, and the dissociation of the Bcl-2/Beclin-1 complex. In our study, overexpression of miR-298 decreased Act1 and increased pJNK, pBcl2, and Beclin1 levels; the levels were restored by overexpression of Act1. Together with our observation Act1 knockdown leads to an increase in JNK phosphorylation, we propose that the miR-298/Act1/JNK regulates neuronal autophagy in ischemic stroke.
Conclusion
The results of the study show that miR-298 overexpression aggravates ischemic injury in vitro and in vivo through negative regulation of Act1/JNK/NF-κB and downstream autophagy pathways. These findings suggest potential therapeutic targets for the treatment of ischemic stroke, although a more detailed investigation of the molecular mechanisms using a transgenic animal model is warranted. 
